1. BACKGROUND DNA is inherently unstable and decomposes spontaneously by hydrolysis (Lindahl 1993) . In addition, it is damaged by environmental chemicals and radiation. Water and reactive oxygen species (ROS) are among the major contributors to spontaneous damage. An example of damage by ROS is 8-oxoguanine, which is a highly mutagenic lesion causing G:C to T:A transversions (Slupphaug et al. 2003) . Hydrolytic depurination generates approximately 10 000 abasic sites per cell per day, while hydrolytic deamination of cytosine generates 70-200 uracil bases per day in DNA (Lindahl 1993) . While the latter number is less impressive, uracils in U:G mismatches are 100 per cent mutagenic if not repaired, due to the lack of discrimination by DNA polymerases between U and T in the template. This gives rise to G:C to A:T transition mutations. This type of transition is a very common mutation in the mammalian genome, as well as in human tumours. G:C to A:T transitions are also generated by other mechanisms, e.g. replication across O 6 -methylguanine in the DNA template. The presence of uracil in RNA, but thymine (5-methyluracil) in DNA, makes sense since thymine is a much more stable component in the genome, where stability is more important than in the short-lived RNA molecules. Thus, deamination of cytosine to uracil in DNA signals damage, but, in RNA, the corresponding deamination would give rise to a normal RNA constituent. In the absence of uracil-DNA repair, the relatively rapid deamination of cytosine and the lack of toxicity of the resulting uracil would cause a genetic drift that would probably not be tolerable in an organism. In line with this hypothesis, all known organisms have evolved mechanisms to remove uracil from DNA, mostly employing DNA glycosylases to excise the base (Krokan et al. 2002) .
Nature's ability to take into use most thinkable, and unthinkable, possibilities for creating advantage continues to amaze. Such is the case also for the generation of uracil in DNA. While it is a nuisance in most cells, it is taken into use as a tool to create diversity of genes where diversity is the business, namely the antigendriven generation of antibodies in B cells. These processes are initiated by activation-induced cytosine deaminase (AID) discovered less than 10 years ago in Tasuku Honjo's group (Muramatsu et al. 1999) . The discovery of AID and its functions have dramatically improved the possibility to obtain an in-depth understanding of the mechanism of adaptive immunity by offering a conceptual framework for the design of mechanistic studies. First thought to be an RNAediting cytidine deaminase, the strongest evidence now indicates that AID is a DNA cytosine deaminase that introduces uracil in variable regions of immunoglobulin genes in B cells (Di Noia & Neuberger 2007) . Replication over this uracil directly generates G:C to A:T transition mutations, whereas removal of uracil by uracil-DNA glycosylase creates abasic sites that generate a wider range of mutations with the help of translesion bypass polymerases, such as DNA polymerase h that has a particularly important role in this process (Di Noia & Neuberger 2007) . Thus, uracil-DNA glycosylase that is normally an antimutator protein initiating error-free base excision repair (BER), instead becomes part of a mechanism that generates mutations in immunoglobulin gene variable regions (somatic hypermutation (SHM)) and DNA strand breaks to exchange effector regions (class switch recombination (CSR)). It should be pointed out that the action of uracil-DNA glycosylase at deaminated cytosines (at C:G pairs) does not explain the occurrence of mutations at T:A pairs. Such mutations are dependent on the mismatch repair factors MSH2/6 and DNA polymerase h. In the follow-up of the initial discoveries of the roles of AID and uracil-DNA glycosylase, it has become clear that deamination of cytosine to uracil has a wide biological significance; first, to create diversity of immunoglobulin genes and, second, to label viral DNA replication intermediates of retroviruses for degradation to free the infected organism of the intruder (Sousa et al. 2007) .
A role of uracil-DNA glycosylase encoded by the UNG gene family in adaptive immunity has been demonstrated using Ung knockout mice (Rada et al. 2002) and subsequently in human patients carrying inactivating mutations in the UNG gene (Imai et al. 2003) . While these studies were principally in good agreement with respect to both skewed SHM and reduced CSR, there were also clear differences: CSR was reduced by 99 per cent in human B cells, but only approximately 50-70% in mouse cells. Therefore, knockout mice may not be an equally good model for all aspects of adaptive immunity, at least not as a quantitative model for various functions. Nevertheless, similarities may appear to be more obvious than differences. At the level of the organism, both UNGdefective mice (Nilsen et al. 2003; Andersen et al. 2005a ) and humans ( Imai et al. 2003) develop lymphoid hyperplasia. In addition, the gene-targeted mice also develop B-cell lymphomas of follicular type and diffuse large B-cell type in old age. Lymphoid hyperplasia may precede malignant B-cell lymphomas in both mouse and man. Possibly the mechanism could be that hyperproliferating B cells accumulate nontargeted deaminations by AID, resulting in an increase in mutations in an Ung-deficient background (figure 1). Interestingly, it has recently been reported that AID acts broadly on the genome during SHM, but widespread mutations are averted by gene-specific Ung2-and Msh2-dependent DNA repair. In the Myc oncogene, the mutation frequency increased more than 6-fold in Ung K/K mice and more than 18-fold in Liu et al. 2008) . There is no evidence indicating that mutations in the UNG gene are responsible for a significant fraction of B-cell lymphomas in man, but the general scheme (increased load of damage and reduced repair) might well be a contributing mechanism worth considering. The lack of functional uracil-DNA glycosylase due to inactivating mutations is apparently very rare in humans, and the few individuals identified are young, hence it is not known whether they are at risk of developing lymphomas. However, they do suffer from recurrent infections indicative of a significant immune deficiency (Imai et al. 2003) .
The focus of this short review is on the role of uracil-DNA glycosylases in processing of U:G mismatches in mammalian cells, but it should be remembered that the other route by which uracil may enter DNA, namely by incorporation of dUMP from the natural intermediate dUTP, is probably quantitatively dominant (Andersen et al. 2005b ). This lesion has been assumed to be relatively harmless because it is present in a U:A match and therefore not thought to be mutagenic. However, this has not really been well documented. In addition, a physiological role of U:A matches in the immune system or in other cells remains a possibility that should not be discarded without further exploration.
DEAMINATION OF CYTOSINE IN DNA: QUANTITATIVE ASPECTS
The rate of deamination of cytosine to uracil has been measured by chemical and genetic methods and generally these are in relatively good agreement, as recently reviewed in Kavli et al. (2007) . The main uncertainty stems from the 140-300-fold higher rate of deamination in single-stranded DNA when compared with double-stranded DNA. Single-stranded DNA exists near forks, in transcribed genes, breathing DNA and displacement loops (e.g. in mitochondrial DNA), but the fraction that is single-stranded at any one time is not known. It is probably higher in replicating cells than in non-replicating cells. If assuming that 0.1 per cent of DNA is single-stranded (probably a high estimate), the range of estimates is approximately 70-200 spontaneous cytosine deaminations per cell per day. Although this would appear to be a relatively low number compared with numbers for depurination and oxidative damage, it would probably increase mutation frequencies in proliferating cells substantially (overall approximately 100 mutations per cell per round of replication), unless repaired. Mammalian cells counteract this threat mainly by BER using different uracil-DNA glycosylases to initiate the process. The individual roles of these glycosylases in mouse and man are starting to be understood. We also know that we understand less than we thought a decade ago.
MAMMALIAN URACIL-DNA GLYCOSYLASES AND THEIR ASSUMED FUNCTIONS
Mammalian cells have at least five distinct uracil-DNA glycosylases. Briefly, nuclear UNG2 is central to the repair of incorporated uracil (U:A context), whereas UNG2, SMUG1, TDG and probably MBD4 all contribute to U:G repair. UNG1 is apparently the only mitochondrial uracil-DNA glycosylase. The sources of uracil in mammalian nuclear genomes, and the uracil-DNA glycosylases processing these uracils, are modelled in figure 2. (a) Members of the UNG family Nuclear UNG2 and mitochondrial UNG1 are both encoded by the UNG gene (Ung in the mouse), which is representative of the classical large family of conserved uracil-DNA glycosylases found in vertebrates, yeast, most bacteria and some viruses (herpes and pox families), but not in insect cells (Krokan et al. 1997 (Krokan et al. , 2002 . Alternative N-terminal sequences in UNG2 and UNG1 determine nuclear and mitochondrial targeting, respectively. In addition, the N-terminal sequence of UNG2 interacts with proliferating cell nuclear antigen and replication protein A (RPA; Otterlei et al. 1999) . In most bacteria and yeast, this is the sole uracil-DNA glycosylase. UNG1 is also apparently the only uracil-DNA glycosylase in mitochondria, which was recently found to have capacity for both short-patch BER (insertion of one nucleotide) and long-patch BER (insertion of two to eight nucleotides) (Akbari et al. 2008) . All representatives of this family examined so far are active on both single-stranded and double-stranded DNA, but with a preference for uracil in single-stranded DNA. They also have a weak preference for U:G contexts over U:A contexts, but this preference is sequence dependent and not absolute (Eftedal et al. 1993; Slupphaug et al. 1995) . Compared with other uracil-DNA glycosylases, UNG2 (and UNG1) has a very high turnover number, compatible with the dominant role of UNG2 in post-replicative repair of incorporated uracil (U:A context), where repair has to keep up with the rapid movement of the replication fork (Otterlei et al. 1999; Nilsen et al. 2000; Akbari et al. 2004) . UNG2 also appears to have an important role in the repair of U:G mismatches, at least in human cells in vitro (Kavli et al. 2002; Akbari et al. 2004) . In mouse cells, Smug1 was reported to have a central role in the repair of deaminated cytosines (U:G context) in vitro, while Ung2 apparently had only a minor role (Nilsen et al. 2001 ). This is not fully in agreement with results from human cells, and it is possible that UNG2-and SMUG1-type enzymes may have taken on quantitatively, and possibly qualitatively, different roles in mouse and man. This is an important aspect to clarify, since mouse is the favourite model for studies of gene functions at the level of the organism. Importantly, UNG2 is apparently the only uracil-DNA glycosylase involved in uracil removal in B cells as part of SHM and CSR (Imai et al. 2003) . SMUG1 cannot compensate for UNG2 in these processes. This is probably caused by the much lower catalytic efficiency of SMUG1 than UNG2 against uracil in single-stranded DNA, as demonstrated in extracts from lymphoblastoid cell lines derived from patients with hyper IgM syndrome due to inactivating mutations in the UNG gene (Kavli et al. 2005) . Furthermore, these UNG-deficient cells accumulate uracil in their genome (Kavli et al. 2005) .
UNG2 is cell-cycle regulated with the highest protein level in early to mid-S-phase, in agreement with its role in the repair of incorporated uracils. UNG2 also undergoes sequential phosphorylations at Ser23, Thr60 and Ser64 during the cell cycle. Monophosphorylation at Ser23 in the G1/early S-phase apparently increases association with RPA and replicating chromatin and markedly increases the catalytic turnover number. Furthermore, the triple phosphorylated form is mono-ubiquitinylated late in the S-phase and then rapidly degraded in the G2-phase. Interestingly, the sequence encompassing the phosphorylated Thr60-Ser64 forms a motif that is very similar to a phosphodegron, probably explaining the rapid degradation in G2 (Hagen et al. 2008) . Why UNG2 must be degraded remains obscure, but some observations indicate a toxicity of unregulated expression of the enzyme (Henrik Sahlin Pettersen 2007, unpublished data) .
(b) Uracil-DNA glycosylase SMUG1 This enzyme was described as a single-strand-selective monofunctional uracil-DNA glycosylase, but, at least, the mammalian SMUG1 works well with double-stranded DNA, and the efficiency of the enzyme with different substrates depends on reaction conditions (Kavli et al. 2002) . SMUG1 was thought to be present only in vertebrates, but, in fact, it is also found in some bacteria. Interestingly, bacteria contain either the UNG-type enzyme or the SMUG1-type enzyme, usually not both (Pettersen et al. 2007) . The activity of SMUG1 on the double-stranded substrate is strongly stimulated by AP-endonuclease APE1. Whereas UNG2 is highly specific for uracil, SMUG1 also efficiently removes 5-hydroxymethyluracil (HmU) and it may be the major enzyme correcting this lesion . Studies on Ung knockout, Smug1 siRNA knockdown and Ung knockout/Smug1 knockdown mouse cells have indicated that Smug1 and Ung2 are both required for the prevention of mutations and that their functions are not redundant . Human SMUG1 binds tightly to AP sites and inhibits cleavage by AP-endonucleases. When expressed in Escherichia coli cells, it is unable to repair U:G mismatches induced by AID, inhibits proliferation and cannot reduce mutation rates, unlike UNG2 which alleviates the effects of AID. This is probably a reflection of the low catalytic turnover of SMUG1 compared with UNG-type enzymes. These results indicate that SMUG1 probably has its main function in non-proliferating or proliferating cells outside the S-phase. Unlike UNG2, SMUG1 makes contact with both DNA strands. It penetrates the double helix with a wedge motif that binds tightly to the abasic site. Interestingly, mutations in this motif decrease binding and increase catalytic efficiency several fold. Presumably, it is the role of this enzyme to carry out slow repair of U:G mismatches in DNA that is not undergoing replication, and, in this process, it may bind tightly to the AP site to protect it from further damage until the next player in the repair process arrives (Pettersen et al. 2007 ).
(c) T/U mismatch DNA glycosylase In spite of its name, T/U mismatch DNA glycosylase (TDG) has a strong preference for uracil over thymine. TDG is an intriguing protein that, similar to SMUG1, has a low turnover number and strong binding to AP sites, and its activity is stimulated by APE1. As with SMUG1, the binding of the glycosylase to the AP site inhibits cleavage by the downstream AP endonuclease ( Waters et al. 1999) . Interestingly, the catalytic efficiency of the protein is increased by SUMOylation (Hardeland et al. 2002) . It also has a strong preference for U:G mismatches. Unlike SMUG1, it is strictly Review. Uracil-DNA glycosylases T. Visnes et al. 565 cell-cycle regulated. However, it is regulated opposite to UNG2 by displaying the highest expression in the G1-phase and the lowest in the S-phase (Hardeland et al. 2007) . While TDG has not been assumed to have an important function in uracil repair compared with the 'leading' enzymes UNG2 and SMUG1, this issue is far from settled and not based on good experimental evidence. The interesting expression pattern in the cell cycle and its substrate preference would predict a role in U:G repair outside the S-phase. How this role is shared with SMUG1 and UNG2 remains unclear.
(d) Uracil-DNA glycosylase MBD4 This glycosylase has the capacity to remove uracil and thymine resulting from deamination of CpG and methylated CpG, respectively (Hendrich et al. 1999) . It was discovered as a protein that binds to methylated DNA (Hendrich & Bird 1998) . Many of these properties resemble those of TDG. Unlike other uracil-DNA glycosylases, MBD4 also interacts directly with MLH1, suggesting a role in mismatch repair (Bellacosa 2001) . Overexpression of a truncated form of MBD4 in an MSH6-defective human colon carcinoma cell line with microsatellite instability increases structural chromosomal rearrangements, including multiple reciprocal translocations, after irradiation. This may suggest a wider role for MBD4 in DNA damage response and maintenance of chromosomal stability (Abdel-Rahman et al. 2008) . It may seem unlikely that it is the glycosylase function of MBD4 that is responsible for this type of structural instability.
CONCLUDING REMARKS
It was thought for a long time that uracil in DNA is solely a lesion resulting from incorporation of dUMP during replication and spontaneous cytosine deamination. It is now clear that nature uses uracil in DNA in highly sophisticated mechanisms of adaptive immunity and innate responses to viral infection. This has greatly increased the interest in the roles of this class of enzymes. In most cells, however, genomic uracil remains a mutagenic lesion that must be accurately repaired by BER. The presence of several distinct uracil-DNA glycosylases indicates the importance of proper processing of DNA uracil. The individual functions of these naive B cell enzymes are still not fully understood. The best established roles are those of UNG2 in the postreplicative repair of U:A pairs in all replicating cells and in SHM and CSR in B cells. Here, the other uracil-DNA glycosylases, SMUG1, TDG and MBD4, apparently have no role. They rather function in general repair of U:G mismatches (or HmU for SMUG1), possibly in different parts of the cell cycle, in different sequence contexts and, perhaps, in different subnuclear compartments. The available evidence from mammalian cells suggests that UNG2 also has a general role in U:G repair. Finally, there may be species differences with respect to the relative contribution of different uracil-DNA glycosylases in U:G repair and mutation prevention. This, as well as the overall regulation of BER, remains to be clarified. Uracil excision by UNG2 in single-stranded DNA (ssDNA) at the replication fork will probably result in stalled replication that will initiate recombination or translesion synthesis (TLS). The uracil-initiated diversification pathways in activated B cells are highlighted in red, newly replicated DNA is in blue and RNA is in green. U, uracil; HmU, hydroxymethyluracil.
